tion of B. hypocrita sapporoensis (Cockerell) (Goka et al., 2000 (Goka et al., , 2001 . Commercial colonies of B. terrestris seem to act as a reservoir and supplier of L. buchneri (Yoneda et al., 2008) .
In consideration of these four ecological risks, B. terrestris was designated an "invasive species" under the alien species law in 2006 (Goka, 2006; AJASS, 2008) . In its place, the Japanese native Bombus ignitus (Smith) has been developed as a crop pollinator, and colonies have recently been distributed commercially (Kunitake and Goka, 2006) . Its use is expected to pose less ecological risk than use of by the European bumblebee.
However, even a native species could pose problems. Since local populations of a given species inhabiting different areas may have different genetic features, the use of colonies mass-reared from the one population might result in the destruction of local endemism. In fact, the commercial colonies of B. ignitus are bred in the Netherlands, so genetic selection and drift are possible. Moreover, the commercialization of B. ignitus in Korea and China has begun (Velthuis and Doorn, 2006) . Spreading of these colonies over Japan and other Asian areas could disturb the genetic endemism in local populations. In consequence, speciation and local adaptation in B. ignitus might be nullified. Further, the natural distribution of B. ignitus becomes confused by escapes from commercial colonies, and its natural history thus becomes disturbed. To assess the risks of such genetic disturbances, we need to quantify the genetic structure in populations of B. ignitus and set a conservation unit in respect of their genetic variation.
Only a few studies have examined genetic variation in natural populations of B. ignitus. For example, Shao et al. (2004) detected genetic differentiation in microsatellite DNA between continental and Japanese populations. Although microsatellite DNA is suitable for investigating the genetic structure of populations in a restricted area, it is inadequate for investigating the genetic relationships of populations over time and across wide areas. In addition, different mutations in microsatellites can result in size homoplasy (Estoup et al., 1995) . Although the results of Shao et al. (2004) suggest genetic divergence within B. ignitus, the microsatellite markers they used seem not to be appropriate for quantifying the evolutionary process in the long term in field populations because they are highly polymorphic, and the mechanism of their variation is complex.
The natural distribution of B. ignitus covers the Korean Peninsula, eastern China, and Japan (Honshu, Shikoku, and Kyushu) (Sakagami, 1975; Kim and Kim, 1994; Itou, 1998; Kim et al., 2002) . Shao et al. (2004) analyzed the mitochondrial cytochrome b region but found no genetic differences among populations from Japan, Korea, and China. However, because they did not investigate genetic variation in the cytochrome oxidase subunit 1 (CO1) region of B. ignitus, which is more variable than the cytochrome b region, and the sequence length was too short to indicate genetic diversity, we felt that more detailed analyses were required.
Here, we analyzed the sequence of CO1 in specimens of B. ignitus collected from natural populations in Japan, China, and Korea, and from commercial colonies. We analyzed the genetic structure in local populations and the possible evolutionary history of this species by statistical analysis. We discuss risk management in the commercialization of native species.
MATERIALS AND METHODS
Sample collection. To analyze genetic variation, we sampled adult bees of B. ignitus from natural populations and commercial colonies. Queens, workers, and males (a total of 172 individuals) were collected from 33 sites in Japan (20 prefectures), northern China (2 workers from Changchun City and 1 queen from Beijing), and Korea (11 workers and 1 male from Taegu City) (see Appendix for details). Two workers were collected from each of two commercial colonies (Arysta LifeScience Corp., Tokyo, Japan). All bees were collected from 2005 to 2008 and preserved at Ϫ30°C until DNA analysis. For phylogenetic analysis, B. terrestris (AY181169) and B. lucorum (AY181121), belonging to the subgenus Bombus same as B. ignitus, were used as outgroups.
DNA extraction, amplification, and sequencing. DNA was isolated and extracted as described in our previous study (Goka et al., 2001) , with some modifications. DNA was isolated from a middle leg of each specimen. The leg was placed in a plastic microtube containing 60 ml lysis buffer (1 mg/ml proteinase K, 0.01 M NaCl, 0.1 M EDTA, 0.01 M Tris·HCl pH 8.0, 0.5% Nonidet P-40) and homogenized in the tube. The homogenate was incubated at 50°C for 120 min and then at 95°C for 20 min. The incubated homogenate was diluted with 270 ml TE-buffer (pH 8.0) and used as a DNA template for polymerase chain reaction (PCR).
A 1048-bp region of the CO1 gene in mtDNA was amplified by two primer sets: universal primer C1-J-1718 (5Ј-GGAGGATTTGGAAATTGATTA-GTTCC-3Ј; Simon et al., 1994) ; and primers B-1751R (5Ј-GATGAGCTCAAACAATAAATCC-3Ј), B-175 (5Ј-GATCCTATAGGAGGAGGAGATCC-3Ј), and B-175R (5Ј-GGATAATCTGAATATCG-TCGAGG-3Ј), which were developed from the sequence of the B. terrestris CO1 in DDBJ/EMBL/ GenBank (acc. no. AY181169). These two primer sets amplified two partly overlapping fragments, which together gave the sequence of CO1.
PCR assays were conducted with 2 ml of each template DNA in a total reaction volume of 50 ml. The PCR reaction mix contained 0.2 mM dNTP mix, 4 mM MgCl 2 , 1.25 units of Taq DNA polymerase (Amplitaq Gold), and 8 pM of each primer (all purchased from Applied Biosystems). The thermal conditions for PCR were 95°C for an initial 10 min; 30 cycles of 94°C for 30 s, 40°C for 30 s, and 72°C for 2 min; and a final 72°C for 7 min. The products were separated in 6% polyacrylamide gels, and bands of DNA fragments were made visible by ethidium bromide staining under UV light.
The sequence of the CO1 fragment was determined by direct cycle sequencing of the PCR products in an ABI 3730 DNA analyzer (Applied Biosystems) with a BigDye Terminator v3.1 Cycle Sequencing Kit and a BigDye XTerminator Purification Kit according to the manufacturer's (Applied Biosystems) reaction protocol.
Processing of data and statistical analyses. The CO1 sequences (DDBJ acc. nos. AB535115-AB535129) were aligned by CLUSTALW software (Thompson et al., 1994) . The alignment data were imported into MEGA 4.0 software (Tamura et al., 2007) for the construction of a neighbor-joining (NJ) tree based on Kimura's two-parameter distance (Kimura, 1980 ) and a maximum-parsimony (MP) tree. To test the reliability of the trees, 1,000 bootstrap resamplings were performed. The alignment data were also imported into Network v. 4.5 software (Bandelt et al., 1999) to construct a haplotype network tree. We estimated the time of divergence in B. ignitus between the continent and Japan on the basis of 1.71% sequence divergence per million years, as calibrated in Tetraopes (Coleoptera) (Brower, 1994) .
RESULTS

CO1 sequence and haplotype distributions
In all analyzed individuals, the CO1 sequence had 1,048 base pairs, with no deletions or insertions. We detected 15 haplotypes in the sequence: 9 in Japan (J1-J9) and 6 in China and Korea (F1-F6; Table 1 ). Only haplotype J2 was detected in the specimens collected from commercial colonies. The geographic distribution of the haplotypes is shown in Fig. 1 . No haplotypes were shared between Japanese and continental populations.
As the number of samples was small, we could not detect any geographical patterns in the haplotype distribution in Korea and China. On the other hand, the distribution in Japan showed a geographical pattern: J2 was detected mainly in the Tohoku, Kanto, and Hokuriku regions, J7 mainly in the Chubu and Chugoku regions, and J4 only in Kyushu. J3 was detected at high frequencies in both the Nagano and Yamanashi regions of central Honshu. The other haplotypes were minor, being detected only in restricted areas.
Phylogeny of haplotypes and divergence time between Asian continent and Japan
Since the topologies of the NJ and MP trees based on the CO1 sequence were similar, only the NJ tree is shown (Fig. 2) . Monophyly of B. ignitus was well supported in both trees (100 bootstrap values). In the NJ tree, haplotypes J1-J9 comprised a clade isolated from F1-F6. In the network tree (Fig. 3) , as in the NJ tree, J1-J9 were genetically isolated from F1-F6, and were linked with each other by one branch. Among the Japanese haplotypes, J1 was most closely related to F1-F6 (Fig. 2,  Fig. 3 ). Japanese haplotypes had fewer nucleotide substitutions than continental haplotypes.
Since the fossil record of Bombus is so fragmented that it cannot be used for calibration, we tried to calculate the time of divergence of the continental from the Japanese populations, and within the Japanese populations, by a simple method based on the molecular clock of CO1 in the genus Tetraopes (Coleoptera) (Brower, 1994) . The haplotype network tree indicates that F6 represents the 
most recent ancestral continental haplotype of the Japanese populations. Thus, the divergence time between F6 and the Japanese haplotypes was calculated as 220,000Ϯ56,000 years (meanϮSD; range, 110,000-280,000 years).
DISCUSSION
To support the conservation of endemism among wildlife populations, Ryder (1986) proposed the concept of the evolutionarily significant unit (ESU), defined as a population that is considered distinct for the purposes of conservation. Crandall et al. (2000) argued that the ESU is characterized by reproductive and historical isolation and by adaptive distinctiveness. Waples (1991) wrote that ESUs are "reproductively separate from other populations and have unique or different adaptations". Moritz (1995) suggested that an ESU could be determined by genetic markers. ESUs do not necessarily represent the species or subspecies category, which is determined mostly by morphological 81 Geographic Variation of B. ignitus Fig. 2 . Neighbor-joining (NJ) tree for CO1 haplotypes of B. ignitus. The tree topology was almost the same as that of the maximum parsimony (MP) tree. Sequence divergence was estimated by Kimura's two-parameter distance (Kimura, 1980) . Bootstrap values Ͼ60% are shown (1,000 replicates). Bootstrap values of MP tree are shown in parentheses. characters, but they support the management and conservation of genetic diversity among wild populations.
Most ESU studies have favored large mammals (Georgiadis et al., 1994; O'Ryan et al., 1994; Fleischer et al., 2001; Fernando et al., 2003) . Because large mammals generally have a low effective population size, discussion focuses on the preservation of populations. However, in the case of commercialized organisms, such as pollinators and natural enemies, the ESU is important for different reasons. The commercialization of insects and mites as agricultural biological agents is grounds for investigating the variation and endemism of such species (Samways, 2005) . Shao et al. (2004) analyzed the mtDNA cytochrome b region of B. ignitus collected from East Asia but could not detect any genetic variation. However, we detected 15 haplotypes in the CO1 region. Our NJ and haplotype network trees, like Shao et al.'s microsatellite data, revealed differentiation in B. ignitus between the Asian continent and Japan. Since the distributions of the CO1 haplotypes showed a geographic pattern in Japan, B. ignitus could also have differentiated within Japan. As our number of sampling sites was small and the number of individuals varied among them, it is difficult to discuss the ESU of B. ignitus. However, some regional populations of B. ignitus showed high endemism. As estimated from the CO1 haplotypes, the Japanese and continental populations diverged approximately 110,000 to 280,000 years ago, between the middle and late Pleistocene, when the Korean Peninsula and Kyushu were connected by a land bridge (Kawamura, 2006) . Certain groups of mammals, such as Cervus nippon, migrated across the bridge into Kyushu then (Masuda and Abe, 2005) ; B. ignitus could have done so too. As it expanded its range, it diverged genetically, as suggested by the haplotype network tree (Fig. 3 ) and geographic distribution (Fig. 1) . These observations indicate the need to consider evolutionary divergence history and to determine the genetic structure of the species in more detail before more commercial colonies are released.
The detection of haplotype J2 in an individual collected in Kouchi (Shikoku) suggests that genetic disturbance by the human transportation of B. ignitus colonies has already occurred, because J2 was not detected in surrounding areas (Fig. 1) . Although it is possible that B. ignitus in Kouchi already possessed haplotype J2, commercialization has made tracing of the evolutionary history of the species more difficult.
A similar situation has already occurred in Europe with the commercialization of B. terrestris. Estoup et al. (1996) analyzed a partial sequence of the CO2 mitochondrial gene and 10 microsatellite loci to determine genetic differentiation among local populations from Europe, the Mediterranean islands, and Tenerife. The data showed that the populations on each island were genetically differentiated from all of the B. terrestris populations on the continent. This result supports the need to conserve island populations.
Both our study and that of Estoup et al. (1996) revealed genetic differentiation only at the molecular level, as we did not investigate adaptive characters. However, this implies local adaptation and suggests local endemic gene pools concerning adaptive traits (Dobzhansky, 1948; Templeton, 1986; Lynch, 1991) . Homogenization of originally distinct populations eliminates the geographic diversity of species interactions and the geographic potential for speciation, and it also reduces regional species diversity (Benkman et al., 2008) . Because B. ignitus is a native Japanese species, its use in Japan is not regulated. Nevertheless, we should place nets over greenhouses when using commercial colonies so as to avoid genetic erosion. Flook (1994) 
